have been defined which extend (for most clusters) from the tip of the red-giant branch (RGB) to ∼ 2.5 magnitudes below the main-sequence turnoff. These fiducials provide a valuable set of empirical isochrones for the interpretation of stellar population data in the 2MASS system. We also compare our newly derived CMDs to Victoria isochrones that have been transformed to the observed plane using recent empirical and theoretical colour-T eff relations. The models are able to reproduce the entire CMDs of clusters more metal rich than [Fe/H] ≈ −1.4 quite well, on the assumption of the same reddenings and distance moduli that yield good fits of the same isochrones to Johnson-Cousins BV (RI) C photometry. However, the predicted giant branches become systematically redder than the observed RGBs as the cluster metallicity decreases. Possible explanations for these discrepancies are discussed.
1. INTRODUCTION The Two Micron All Sky Survey (2MASS) has uniformly scanned the entire sky in three near-infrared bands, JHK S . Cataloging more than 300 million point sources, 2MASS observations are not only advancing our understanding of stars, but they also provide the photometric standards used to calibrate all other JHK S photometry. In recent years, a new generation of JHK S equipped observing facilities have come online, driven by the benefits of observing at these longer wavelengths. In particular, reduced dust attenuation allows the near-infrared to be a better probe of stellar populations in dust-obscured and heavily reddened galaxies. Furthermore, the integrated luminosities of intermediate-age and old stellar populations, which are predominantly due to their asymptotic-giant-branch (AGB) and red-giant-branch (RGB) stars, are brightest at these longer wavelengths.
As the infrared (IR) region of the electromagnetic spectrum receives growing attention in modern astrophysics, it becomes desirable to have deep near-IR photometry for Galactic star clusters. Currently, the available near-IR fiducials of these systems remain restricted in both metallicity and luminosity, with the observations rarely extending to fainter magnitudes than the base of the RGB (e.g., Frogel et al. 1983; Valenti, Ferraro, & Origlia 2007; Ferraro et al. 2000) . Star clusters are the ideal stellar populations to observe because, notwithstanding a growing number of exceptions (e.g., ω Cen), their stars are or can be considered homogeneous in both age and initial chemical composition to a rather good approximation, at least for a number of purposes. Therefore, observations of these systems provide us with exceedingly valuable stellar population templates across a broad range of stellar parameter space, as well as the data which are needed to test and refine the predicted colours from model atmospheres and the temperatures given by stellar evolutionary models.
Stellar population studies rely on the accuracy of both colour-T eff relations and the stellar T eff scale in order to derive the ages, metallicities, and star formation histories of stellar systems based on isochrone fits to observed colour-magnitude diagrams (CMDs). One way to test these relations is to obtain photometry in many bandpasses and then to determine the level of consistency across all possible CMDs (and colour-colour diagrams) that can be generated. While considerable work has been carried out to test and improve the colour transformations for the BV (RI) C and Strömgren filter systems (e.g., VandenBerg & Clem 2003; Clem et al. 2004) , very little has been done to date on the colour-T eff relations for the near-IR (two of the few works to date are Pinsonneault et al. (2004) and citetGS2003).
In this paper, new CMDs for open and globular star clusters, along with published data for field subdwarfs, are compared with isochrones in order to assess the reliability of recent (V − J)-T eff and (V − K S )-T eff relations. Additionally, and perhaps most importantly, we can for the first time evaluate the consistency of the isochrone fits across optical and infrared colours. The companion work to this paper, VandenBerg et al. (AJ, submitted) ; hereafter known as VCS10), focusses on the colour-T eff relations for the Johnson-Cousins BV (RI) C photometric system. In both papers, two recently developed sets of colour transformations are tested. The first of these has been derived (see VCS10) from the latest MARCS model atmospheres , while the second is the set of empirical relations developed by Casagrande et al. (2010) who used the Infrared Flux Method (IRFM) to produce colour-T eff relations for dwarf and subgiant stars spanning a large range in metallicity.
Addressing the need for precise fiducial sequences in the near-infrared, we have obtained observations of the seven Galactic star clusters, M 92, M 15, M 13, M 5, NGC 1851, M 71 and NGC 6791. In §2, we describe our observing programs and present salient details concerning the reduction of the dataincluding, in particular, the calibration of our photometry to the standard 2MASS system. In §2.1, the CMDs and cluster fiducials are presented which provide template stellar population sequences for the range in metallicity, −2.4 [Fe/H] +0.
3. An examination of how well isochrones that employ the synthetic MARCS, and the empirical Casagrande et al. (2010) , colour-T eff relations are able to reproduce the observed V JK S photometry of the local subdwarfs and of our target clusters is presented in §3. Finally, a short summary of our results, as well as a brief discussion of the usefulness of the derived fiducial sequences for stellar populations research, is given in §4.
FIG. 1.-K S -band photometric differences for stars observed in both 2MASS and our VLT fields for NGC 1851.
OBSERVATIONS
In the 2008B semester, we received WIRCam time on the CFHT to observe five Galactic star clusters (NGC 6791, M 13, M 15, M 92 and M 71) in J and K S . In the following semester (2009A), we obtained observations of M 5, but only in the J band due to poor weather conditions. In addition, K S -band images of NGC 1851 that had been previously collected by two of us (G.B. and M.D.) using the VLT HAWK-I detector were included in the dataset.
All of our CFHT observations aimed to reach a signal-tonoise ratio of 25 at ∼ 2.5 magnitudes below the main sequence turn-off (MSTO) of each cluster. To accomplish this, a series of long exposures, together with several short-exposure images (which were critical for the calibration of our fields to 2MASS photometry), were taken in the J and K S filters for each cluster on our target list. By taking a series of exposures, each star was detected multiple times, thereby helping to improve the precision of the final photometry. We direct the reader to Table 1 which lists the image properties of each cluster. Unlike optical photometry, where one would separately observe standard star fields, the 2MASS All-Sky Point Source Catalog contains enough stars in each of our clusters which can be used as standards. For example, M 13 has 3221 stars in the 2MASS All-Sky Point Source Catalog within 30 arcmin of its center. Of these, we selected stars with the lowest claimed photometric errors (typically errors < 0.02) for the calibration of our frames.
In addition to the on-target images, it was necessary to obtain a large number of off-target images of the sky because both the spatial and temporal variations of atmospheric emission in the IR are quite considerable (∼ 10% over a timespan of as little as 10 minutes). Indeed, particular care was taken in determining how to construct and subtract a sky image from a target image, since the quality of a processed image is dominated by precisely how this subtraction is carried out. In order to minimize the effects of the variable sky on our photometry, we decided to image an equal number of sky frames off-target as science frames on-target. We also chose to employ a large dither pattern so as to remove bad pixels when median combining the frames. Once observed, images were pre-processed by CFHT staff using the WIRCam pipeline. This included flat fielding, bias and dark subtraction, as well as sky subtraction.
Upon receiving the pre-processed images, instrumental magnitudes for all stars were obtained using the point spread function (PSF) modeling and fitting techniques in the DAOPHOT/ ALLSTAR/ ALLFRAME packages (Stetson 1987 , Stetson & Harris 1988 . In essence, these programs work by detecting stars on a specific image, building a model PSF from a few isolated, bright stars and then subtracting this PSF from all stars detected. (For a more detailed description of how how these programs work, see Stetson 1987 .) The standard star calibration directly to 2MASS stars in the same frame, was done by solving for the zero point, and colour terms which accounts for the difference in the central wavelengths of the CFHT and 2MASS J, and K filters. One can check the overall quality of our transformed magnitudes by comparing stars in common between our fields and the 2MASS catalog. One example of such a comparison is shown in Figure 1 for NGC 1851, where the differences between the standard 2MASS magnitudes and our final calibrated ones are plotted against both magnitude and colour. Reassuringly, the horizontal lines corresponding to zero difference appear to pass through the densest concentration of points in all plots. Moreover, there seem to be no strong systematic trends as a function of colour that would indicate the need for higher order colour terms in the photometric solutions.
To produce the CMDs, our final photometry for each cluster was combined with V -band data (see Stetson 2000; Stetson 2005) . Our CMD of NGC 1851, which is from VLT observations, extends from near the RGB tip to ∼ 3 magnitudes below the MSTO. For the remaining six clusters, which were observed using the CFHT, we were able to obtain observations only for magnitudes fainter than the base of the RGB. The upper giantbranch stars were saturated in all of our frames, despite observing the target clusters with the shortest exposures possible on WIRCam, This problem occurred mainly because the seeing was 0.3 to 0.5 ′′ better than we had requested during the nights of observation, which resulted in a more concentrated PSF.
Thus, in order to populate the RGBs of the clusters that were observed using the CFHT, we queried the 2MASS catalog for all of the stars within 30
′ of the center of each cluster. With a photometric sensitivity of 10 sigma at J= 15.8 and K S = 14.3 mag, 2MASS observations extend at least to the base of the giant branch for each of our target clusters. The 2MASS photometry for the selected giant-branch stars in each system (Skrutskie et al. 2006 ) was then combined with V -band photometry for the same stars (Stetson 2000; Stetson 2005 ).
Although it is ideal to have homogeneous observations for the entire range in cluster magnitude, the zero-points of our WIRCam photometry were set using 2MASS observations from the same catalog that was used to identify the RGB stars. Therefore, in principle, one should expect that there are no differences between these observations. However, in practice, the possibility that uncertainties in the zero-points may be appreciable should be kept in mind when employing the resultant CMDs and fiducial sequences. A list of our observed clusters and our adopted reddening and distance moduli are given in Table 2 . Fiducial sequences are ridge lines of the stellar loci in colourmagnitude space. The definition of these fiducials from cluster photometry is often based on visual inspection of the CMD, since automated scripts typically give poor results in regions of low star counts and where the magnitude varies weakly with colour, such as the subgiant branch (SGB). Moreover, contamination from field, AGB, binary, and horizontal-branch (HB) stars can significantly skew the the computed locus. For these reasons, we have derived all fiducials by dividing the magnitude axis into small bins (typically ∼ 0.15 mag wide, or smaller in regions of nearly constant magnitude) and then calculating the median colour of those stars which we judge to belong to the cluster.
We present our observed CMDs in Tables 2-9 ). In the case of M 13, M 92, and M 15, there were insufficient points to define the fiducial for the subgiant branch; consequently, the latest Victoria-Regina Models by VandenBerg et al. (in preparation) of the same metallicity of each cluster were used to define the transition from the MS to the lower RGB in these cases (such points are marked with an asterisk in the tables).
TESTING THE COLOUR-T eff RELATIONS USING OBSERVATIONS OF FIELD SUBDWARFS AND STAR CLUSTERS
Transforming isochrones from the theoretical log T eff -M bol plane to an observed CMD is accomplished through the use of colour-T eff relations to link the fundamental stellar parameters to photometric indices. In this section, we investigate two recently developed colour transformations. The first of these is an empirical relation developed by Casagrande et al. (2010) 
Cluster
Type (hereafter referred to as CRMBA) who have applied the IRFM to a large sample of dwarf and subgiant stars of varying metallicity. They present their results as a set of polynomials which relate many photometric indices to T eff and [Fe/H] . This empirical colour-T eff relation has the advantage of being largely model independent, but it has the limitation of being applicable only to dwarf and SGB stars.
The second relation was derived by one of us (L.C.) from synthetic spectra based on the latest MARCS model atmospheres ) using the procedures described in VCS10, with the 2MASS filter transmission curves, absolute calibration and zero-points reported in Casagrande, Portinari & Flynn (2006) . The MARCS models consist of plane-parallel (for dwarf and SGB stars) and spherical (for giant stars) line-blanketed, flux-constant stellar atmospheres for large ranges in effective temperature, surface gravity, and chemical composition. By convolving the spectra derived from these atmospheres with the appropriate filter transmission functions, large tables were produced that provide the synthetic magnitudes as functions of [Fe/H], T eff , and log g. Theoretical relations such as these have the advantage over the CRMBA relation that the desired photometric indices for any given star or stellar model can be ob- tained simply by interpolating it in the grid of synthetic colours for its [Fe/H] , log g, and T eff values. However, their accuracy relies heavily on whether or not the synthetic spectra are able to reproduce the observed spectra of stars, and on how well the filter transmission functions and zero-points are defined. It should also be noted that we apply the slight modifications to the 2MASS model calibration noted in the recent CRMBA paper. These very slightly affect the JHK S model colours (J → J -0.017; H → H + 0.016; K S →K S + 0.003) and indeed these improve the fits to the data.
In the following analysis we transform the latest Victoria isochrones (VandenBerg et al. in preparation) using the MARCS and CRMBA colour-T eff relations and test how well they are able to reproduce the observed V JK S colours of field subdwarfs and our cluster photometry. Whenever possible, distances derived from Hipparcos parallaxes, along with the most up-todate estimates of the cluster metallicities, have been assumed. However this study is much less concerned with the absolute fit of the isochrones to the observed CMDs than with the extent to which a consistent interpretation of the same cluster can be found on different colour planes. Since any inaccuracies in distance moduli or [Fe/H] should be evident in all colour planes, they should not effect our overall conclusions (though the possibility that chemical abundance anomalies may be present, and that they might affect the fluxes in some filter bandpasses more than others should be kept in mind). This does, of course, have the caveat that the observations must be free from systematic errors and that the extinction in all colour bands is accurately determined.
As previously mentioned, this paper provides an extension of the BV(RI) C study by VCS10 to the near-IR. Consequently, we have tried to ensure that the analysis of the colour transformations for a given cluster is consistent across optical and infrared colours by employing identical isochrones (i.e., for the same age and metallicity) and by adopting the same values of the reddening and distance modulus (in the case of clusters which are in common with VCS10: M 67, NGC 6791, NGC 1851, M 5, M 92). Additionally, the V -band photometry of the clusters presented in the following sections is from the same catalogues (Stetson 2000; Stetson 2005 ) that were used for the comparisons presented by VCS10.
The extinction coefficients adopted in this work are
M 67 is a particularly well studied, relatively nearby open cluster, with a metallicity that is very close to solar, according to the results of high-resolution spectroscopy (Tautvaisiene et al. 2000; Randich et al. 2006) . See VCS10 for a summary of its basic properties, together with supporting references. Because of its proximity, 2MASS JHK S observations of M 67 reach well below the MSTO; consequently, the CMDs shown in Figure 9 could be produced simply by combining M 67 data from 2MASS (Skrutskie et al. 2006 ) with the latest reduction of the V -band photometry discussed by Stetson (2005) . The isochrone in this figure is that for an age of 3.7 Gyr from Michaud et al. (2004) , and just as VCS10 found from their comparisons of the same isochrone with BV (RI) C photometry, both the MARCS and CRMBA transformations to the V − J and V − K S colour planes enable the models to match the observed photometry exceptionally well over the entire range of luminosity that has been plotted. Indeed, the differences between the two colour-T eff relations are barely discernible. (Only in the case of M 67 have we compared theory and observations on a
Although the isochrone fits the data quite well, there is a slight, apparently nearly constant offset between the two, which may be due to a small error in our assumed value of E(V − H) or in the zero-point of the H magnitudes derived from the MARCS model atmospheres.)
NGC 6791 ([Fe/H] ≈ +0.3)
Being the most metal rich cluster in our sample (and only open cluster for which we have collected JK S observations), NGC 6791 provides an important test of the colour-T eff relations applicable to super-metal-rich stars. Here we have adopted the recent [Fe/H] estimate from Boesgaard et al. (2009) . This is consistent with Brogaard et al. (2010) had adopted E(B-V) = 0.15 in their analysis, instead of 0.09.
Because of its large distance and low Galactic latitude, reddening estimates of NGC 6791 vary considerably in the literature. As discussed by Chaboyer, Green, & Liebert (1999) , the derived reddenings for NGC 6791 span the range 0.09 ≤ E(B − V ) ≤ 0.26. Kuchinski et al. (1995) have used subdwarf-B stars to provide a tight constraint on the reddening, finding E(B−V ) = 0.17 ± 0.01. This agrees well with the Schlegel et al. (1998) estimate of E(B − V) = 0.155 mag, which is also favoured by the comparison of the NGC 6791 CMD with that for solar neighborhood stars from Hipparcos data (see Sandage, Lubin, & VandenBerg 2003) . Additionally, Brogaard et al. (2010) also derived E(B-V) = 0.160 ± 0.025, which adds to the support of our adopted reddening of 0.15.
In consistency with VCS10, we adopt a distance modulus of (m − M) V = 13.57 which was found through a fit of the cluster CMD to local field dwarfs having metal abundances in the range Boesgaard et al. (2005) . It is quite obvious from the CMD in Figure 3 that this cluster has a low Galactic latitude, as contamination from field stars is still significant even when only those stars contained within an annulus of ∼7 arcmin around the cluster center are plotted. Furthermore, the Schlegel et al. (1998) dust maps indicate that the reddening is differential across the cluster, which contributes to the spread in colour at any given magnitude, thereby hindering the definition of tight photometric sequences for this cluster in any photometric band.
As far as the cluster distance is concerned, we have adopted a distance modulus that leads to the most consistent interpretation between M 71 (in this paper), and that of 47 Tuc (in VCS10), which is known to have very close to the same metallicity. If the latter has (m − M) V = 13.40, as assumed by VCS10, and if the difference in magnitude of the HBs of 47 Tuc and M 71 is as given by Hodder et al. (1992) , then a value of (m − M) V = 13.78 is obtained for M 71.
Because of its low Galactic latitude (b =−4.6 • ), M71 poses a challenge for reddening determinations: estimates in the literature range from E(B − V )= 0.21 to 0.32 (e.g. Kron & Guetter 1976; Harris 1996) . Figure 11 shows the isochrones compared with our observations. The observations are matched well by isochrones on the [(V − K S ) 0 , M V ]-plane using either the MARCS or CRMBA colour transformations. In the case of the V −J observations, the isochrones match the base of the RGB well, but drift to the blue side of the lower MS, and to the red of the upper MS. However, the discrepancies at the faintest magnitudes may have an observational origin given that they arise close to the photometric limit of J. It should be noted that the reddening adopted here, E(B − V) = 0.20 was chosen to obtain a fit to the B − V photom- As discussed quite extensively by VCS10, when Schlegel et al. (1998) reddenings are applied to the observed stars in M 5 and NGC 1851 and then their CMDs are shifted in the vertical direction so that the red HB populations of the two clusters have the same luminosities, one finds that the main-sequence fiducials of both clusters superimpose one another nearly perfectly, suggesting a common metallicity. This conflicts with the results of most spectroscopic studies, which indicate that NGC 1851 is ≈ 0.2 dex more metal-rich than M 5 (e.g., Carretta et al. 2009; Kraft & Ivans (2003) ). If this is correct, the latter should have a slightly brighter HB than the former, and therefore a slightly brighter MS at a given color -but this would be inconsistent with the assumed difference in [Fe/H] (unless Y or the heavy-element mixture also varies). However, a resolution of this issue is not important for the present investigation, which seeks to determine if consistent interpretations of the photometry across all colour planes can be found. Following VCS10, we adopt [Fe/H]=−1.4 for both M 5 and NGC 1851 which is the metallicity which tends to be favoured by stellar models such as VandenBerg (2000) (see VCS10 for a detailed description on this choice of metallicity).
In Figure 12 , we overlay the same 11 Gyr isochrone used by VCS10 in their study of BV (RI) C photometry, onto the VCS10). We find that isochrones using the MARCS colour-T eff relations, or the CRMBA transformations for dwarf/SGB stars, are able to reproduce our V − K S , V photometry of NGC 1851 rather well, except for the upper RGB (where there are few stars and where the stellar images are approaching the saturation limit). These results are fully consistent with those found by VCS10 when they analyzed V − I, V data. However, as they reported, the giant branch of the isochrone on the [(B −V ) 0 , M V ]-diagram is significantly bluer than the observed RGB. Thus, only the MS stars can be consistently fitted on all of the colour planes that have been considered.
In the case of M 5, we have assumed that E(B − V ) = 0.038 and (m − M) V = 14.45 (see VCS10), which results in the comparison of the MARCS-and CRMBA-transformed isochrones with the V − J observations shown in Figure 13 . (Note that the isochrones are identical to those fitted to NGC 1851 photometry.) Given the differences in the relative positions of the RGBs of M 5 and NGC 1851 noted above, it is not surprising to find that, since the MARCS models are able to reproduce the giant branch of NGC 1851 in V − K S and V − I, they lie to the red of the observed RGB of M 5 in V − J and V − I (see VCS10, who also show that the predicted giant branch matches the B − V colours of M 5 giants quite well). As far as the main sequence of of M 5 on the [(V − J) 0 , M V ]-diagram is concerned, the isochrones lie slightly blueward of the lower MS, and to the red of the upper MS, as seen in M71. As discussed below, this is also seen in the case of M 15 and M 92, and perhaps indicates that there is a small problem with the transformations to V − J.
M 13 ([Fe/H]≈ −1.6)
For our comparisons with M 13, we have selected isochrones with [Fe/H] = −1.6 based on the work of Kraft & Ivans (2003) . This is within 0.05 dex of the long favoured Zinn & West (1984) (1998) from a fit of Stromgren photometry to metal-poor subdwarfs with Hipparcos parallaxes, who also assumed [Fe/H] = -1.6. Additionally, Paltrinieri et al. (1998) derived δ(V) between M 3 and M 13 of 0.64 mag -so if M 3 has 15.00 (as adopted in VCS10), then 14.40 is implied for M 13 from the Paltrinieri et al result (if the 0.01 mag difference in reddening is taken into account). We adopt E(B − V ) = 0.016 from Schlegel et al. (1998) .
In figure 14 , we compare a 12 Gyr isochrone with our V J and V K S photometry, finding that (for both colours) the isochrones provide a good match to the observed MS, but not to the observed RGB, which is significantly bluer at a fixed magnitude than the predicted colours. This is also found when fitting V I data (not shown here); i.e., when the same isochrones are overlaid onto V − I, V photometry, the main sequence is well matched but the predicted giant branch is offset to the red of the observed RGB. Interestingly, no such problem is found fitting the V I (or BV ) photometry of M 3 (see VCS10), which is thought to have close to the same metal abundance as M 13. both the BV and V I photometry of M 92 -aside from the fact that a small colour shift must be applied to the V − I colours in order to obtain consistent fits to the various CMDs that can be generated from BV (RI) C photometry. Their additional observation that the isochrones tend to deviate to the blue side of the observed lower MS is apparently seen in especially the [(V − J) 0 , M V ]-diagrams of M 15 and M 92 as well (see Figures 15 and 16) . We have no explanation for such deviations, which appear to be most pronounced in the V J photometry for M 15.
M 15 and M 92 ([Fe
Perhaps the most serious concern is that, in both the V − J and V − K S colour planes, the isochrones lie consistently to the red of the observed RGBs of M 15 and M 92. Near the base of the giant branch, the offsets amount to ∼ 0.12 mag in V − K S and ∼ 0.09 mag in V − J and the typical error in the photometry (∼ 0.02 mag) cannot explain these colour offsets. Surprisingly, VCS10 find that the same isochrones provide a good fit to optical CMDs, apart from the small, constant offset between the predicted and observed RGB on the [(V − I) 0 , M V ]-plane previously mentioned. Since we are using the same V -band photometry as VCS10, one might question the accuracy of the J and K S photometry for M 15 and M 92. However, this is not a viable explanation because the near-IR photometry for the cluster giants, as with all our CFHT clusters, comes directly from 2MASS, and such a large zero-point offset is highly unlikely. Indeed, because the isochrones reproduce BV (RI) C observations quite well, one wonders whether there is a problem with the synthetic J and K S magnitudes that are derived from MARCS model atmospheres, though we have no other reason to question to these results. Further work is clearly needed to understand this puzzle. many of these stars having accurate distances determinations from Hipparcos and recent estimates of log g, and [Fe/H] based on high-resolution spectroscopy, they provide strong constraints on the T eff scale of isochrones and colour-T eff relations at low metallicities. In the following analysis, we use a sample of ∼ 100 subdwarfs compiled by VCS10. The photometric and fundamental stellar properties (e.g., T eff , log g and [Fe/H]) for the majority of these stars were taken from Table 8 of CRMBA with the addition of 4 stars from Clementini et al. (1999) . For a further description on the properties and choice of this sample, see VCS10.
In figure 17 we show the level of agreement between the observed and predicted 2MASS colours, (V − K S ), (V − J), and (J −K S ), of the subdwarfs in our sample. The predicted MARCS colours for each star are found by interpolating in tables of synthetic colours assuming the T eff , log g, and [Fe/H] values given by CRMBA. For these colour-colour comparisons we use only MARCS transformations since the CRMBA relations are themselves based on most of the same stars used here, so they will necessarily yield colours that agree well, in the mean, with the observed photometry. As noted in the three panels of figure 17 , offsets of ∼0.01 mag to the blue for the predicted (V − K S ) and (J − K S ) are needed to achieve consistency with observations. The predicted (V − J) colours show a very small mean offset of 0.001 mag from the observed colours, though the largest deviations occur for the reddest stars, which suggests (perhaps) that the transformations to V − J for cooler dwarf stars may need some adjustment. (Recall that, although this evidence is based on very few cool subdwarfs with measured V − J colours, similar problems were seen in our comparisons with the V − J photometry for MS stars in the low metallicity clusters M 92, M 15, M 13 and M 5; see the previous subsections.)
While the comparisons described above are completely independent of stellar evolutionary models, instructive comparisons of the theoretical isochrones with the Hipparcos subdwarfs can also be carried out. By superimposing subdwarfs onto a grid of isochrones for a wide range in [Fe/H] (and a fixed age -though isochrones exhibit essentially no age dependence at faint luminosities), it is possible to examine the consistency of the observed [Fe/H] values and colours with those inferred from the isochrones, given the observed temperatures. If a star lies on the same isochrone (say, one with [Fe/H]= −1.5) in all of the colour planes, one can conclude that the colour-T eff transformations are consistent for those colours. If any obvious discrepancies exist for different filter combinations, then this is an indication of a problem with the colour-temperature relations for one or more colour indices (i.e., they do not adequately represent the spectrum of a star in the wavelength ranges spanned by the relevant filters).
In the lower panel of figure 18 , we superimpose Hipparcos (van Leeuwen (2007) The subdwarfs in the V − K S and V − J colour planes show significant relative shifts with respect to the isochrones (i.e., the subdwarfs do not lie on the same position relative to the same isochrone in both colours). However, the scatter on the δ[Fe/H] and δ(colour) planes is quite symmetric overall in both V − K S and V − J, with most of the redder stars having negative δ[Fe/H] and positive δ(colour) values, whereas most of the bluer stars have positive δ[Fe/H] and negative δ(colour) values. Thus, the isochrones are consistent with the observations, in the mean, with only a slight trend in the sense that the isochrones are somewhat too blue for the redder stars and too red for the bluer stars.
A different conclusion is drawn regarding the J − K S transformations shown in the right panel of Figure 18 ; the MARCStransformed isochrones imply implausibly low values of [Fe/H], which are contrary to the implications from the other colour planes. When looking at the δ[Fe/H] and δ(colour) plots in the upper panels, one finds that most of the points have positive δ[Fe/H] and negative δ(colour) values, indicating that the isochrones are too red, in the mean, relative to the observations. The J − K S panels also indicate that there is no obvious trend with colour or with metallicity. Figure 19 plots the same isochrones as in Figure 18 , but transformed to the various colour planes using the CRMBA colour-T eff relations. When comparing the subdwarf colours and metallicities with those of the isochrones, we find there is no obvious trend with either colour or metallicity, which indicates that the CRMBA-transformed isochrones agree well, in the mean, with the observations, while the absence of trends provides a verification that the functional form used in CRMBA transformations well represents the (bulk of) stars upon which it is built. With spectroscopic metallicity determinations and relative age estimates that are accurate to within ±0.25 dex and ±1.5-2 Gyr, respectively, these fiducials can, in principle, be used to photometrically determine the age and metallicity of resolved stellar systems. Unlike isochrone analyses, metallicity determinations made through comparisons with fiducials are independent of stellar evolutionary models. Hence, these fiducials provide a set of empirical isochrones that can serve as valuable tools for future stellar population investigations involving the 2MASS filters.
Based on these data, a summary of our results is as follows:
(1) The predicted V − J, V − K S , and J − K S colours given by the MARCS transformations for local subdwarfs agree well with those observed (i.e., to within ∼ 0.01 mag) when the temperatures and metallicities of the latter are as given by CRMBA. fact, the RGB segments of the isochrones become systematically redder than the observed RGBs with decreasing [Fe/H]. It seems unlikely that errors in the model T eff scale are sufficient to cause this problem, because the discrepancies are primarily on the V − J and V − K S colour planes. The same MARCStransformed isochrones are able to reproduce the CMDs of M 92 derived from BV (RI) C photometry quite well. This seems to suggest that there are problems with the predicted J and K S magnitudes at low metallicities, but we are not able to provide an explanation for the origin of such difficulties. 
